Introduction
Gas particulate flows in heat transfer processes have many applications in industry. For example, particles were added to air to improve the heat transfer coefficient in mineral purification, coal power generation, and pharmaceutical plants [1] . In addition to improving the thermophysical properties of the carrier fluid, significant gains can be obtained from the increased thermal capacity by exploiting the latent heat associated with solid-liquid phase change when the particles are made of phase change materials (PCM). Paraffin based materials have a high latent heat of fusion. Depending on number of carbon atoms in the chemical formula, paraffin has a large range of peak melting temperatures between 0-120 C. For many applications such as cooling of electronic equipment, a PCM with the appropriate melting temperature can be chosen so that air-laden PCM nanoparticles provide one to two orders of magnitude increase in effective volumetric heat capacity over pure air. This in turn can enable jet impingement with air-laden nanoparticles to be used in high heat flux applications.
Nanoparticles in fluid flow follow the carrier fluid because of their small sizes, and the suspension can be treated as a homogeneous single-phase fluid [2] [3] [4] . There is little shear gradient induced across their poles thus avoiding structure breakdown. In this work, we used the emulsion polymerization technique to produce encapsulated paraffin nanoparticles. When suspended in an air stream, even a small particle volume fraction can provide high surface area per unit volume, high thermal energy storage density, and high volumetric specific heat capacity [5] . In addition, the intimate interaction between nano-size particles and air allows rapid exchange of heat energy between them. Paraffin derived particles (2 $ 10 lm) have been shown to mix homogeneously with water, and the resulting suspensions to be treated as single-phase fluid [6] . The melting time of nano-size PCM is much shorter than that of micro-size PCM due to its size and it can be approximated as a single-phase high heat capacity fluid. These aforementioned advantages make nano-encapsulated PCM a promising material for high heat flux applications. In many device cooling situations, a cooling technique is required not only to provide an enhanced rate of heat transfer, but also to maintain the devices within a narrow range of operating temperatures. In cases where high cooling rates and localized heat dissipation are critical, jet impingement cooling techniques are preferred choices. The addition of PCM nanoparticles can result in superior heat removal rates while keeping the devices at a temperature near the melting point of the PCM.
To our knowledge, no work has been done regarding the heat transfer enhancement due to air-laden nanoparticles with encapsulated PCMs in jet impingement flows. This paper demonstrates the air-laden polymer encapsulated paraffin nanoparticles as a working fluid and aims to evaluate the heat transfer enhancement in jet impingement cooling applications. The pressure drop and convective heat transfer coefficient have been measured as performance parameters using a heated test loop at different flow rates. In order to measure the air-particle flow rate, we considered devices such as orifice plate, nozzle and Venturi tube. Of these, the Venturi tube method was the most reliable due to its simplicity and accuracy [6, 7] . The effect of particle volume fraction in heat transfer performance is also discussed.
the nano-encapsulated particles in present study. Figure 1 illustrates the methodology to produce the polymer encapsulated paraffin nanoparticles based on the mini-emulsion polymerization technique. The details of the procedure can be found in Ref. [2] .
Figures 2(a) and 2(b) show the SEM and TEM images of our synthesized polymer encapsulated paraffin nanoparticles, respectively. These nanoparticles have light interior and dark outer rim, a typical core-shell structure. Most of the nanoparticles have an average diameter of approximately 100 nm (r p ¼ 50 nm) which is consistent with the dynamic light scattering (DLS) result shown in Fig. 2 (c) which was obtained using a DLS PD2000 system.
A differential scanning calorimeter (DSC) (PerkinElmer DSC7) is used to measure the thermophysical properties of paraffin (bulk) wax and nano-PCMs. The DSC sample mass is 20 mg and temperature of the sample was ramped up and down at a rate of 1.0 C/min. Figure 3 shows the DSC curves of bulk wax called octadecane and polymer encapsulated nanoparticles. The melting and solidification curves of bulk wax peak at 26.1 and 20.3 C, respectively. We note the DSC tests are repeated ten times and the average relative standard deviation between tests is 3.2% for octadecane and 5.5% for polymer encapsulated nanoparticles, respectively. The super cooling is 5.8 C and the enthalpy of melting derived from DSC curve (black line) is 220.3 kJ Á kg À1 which is very close to the value of 223 kJ Á kg À1 given in the literature [8] . The melting and solidification curves of polystyrene encapsulated wax nanoparticles peak at 26.0 and 20.1 C, respectively. The super cooling is 5.9
C which is similar to that of the bulk wax result. The difference in super cooling (0.1 C) is very small and detailed discussion of super cooling is out of scope of present study and does not affect the objectives of the paper, so we just neglect this difference. From Fig. 3 , we can see the melting temperature range of encapsulated particles is from 22.5-29. 5 C, and the solidification temperature range is from 22.0-16. 5 C. We would like to point out that the encapsulation did not change the melting temperature range since the melting range of bulk wax is from 22.0-29 C and the solidification range is from 21.5-16.0 C. The bulk and encapsulated wax melting and solidification temperature ranges coincide. The heat required to melt the polystyrene encapsulated wax nanoparticles as derived from DSC curve (red line in Fig. 3 ) is 107 kJ Á kg À1 . These data indicate the content of paraffin wax is about 49 wt. % which is consistent with our 1:1 mixing ratio of wax to polymer in the synthesis of the nanoparticles. Since DSC results indicate super cooling for nanoparticles, the air-laden nanoparticles are cooled in a heat exchanger to a temperature below the lower end of the solidification temperature range to ensure complete solidification before the nanoparticles are sent to the heat source again.
2.2 Properties of Nano-PCM Airborne Suspension. Table 1 shows the thermophysical properties of air/nano-PCM suspension and its constitutive components. Some of the properties such as viscosity, density, specific heat, thermal conductivity and latent heat of airborne suspension are calculated based on the reference data [8] [9] [10] . The density is calculated with a linear superposition The viscosity of airborne suspension with 0.25% to 2.5% particle volume fraction is calculated using an empirical viscosity correlation, defined as
, and presented in Fig. 4 . The specific heat of air nanoparticle suspension is calculated from the following relationship:
where b is the mass fraction. Table 1 shows the specific heat of air nanoparticle suspension based on mass and volume, respectively. The volumetric specific heat is the product of density and specific heat per unit mass. The nanoparticle has two states inside the core: solid and liquid (due to phase change). The thermal conductivity k of airborne suspension can be determined using Maxwell's formula [11] described as:
where k f is the thermal conductivity of air, k p is the thermal conductivity of nano-PCM particles and / is volume fraction. The nanoparticles thermal conductivity k p can be calculated by the following equation [11] :
where k mc is the thermal conductivity of the PCM solid core material, k ms is the thermal conductivity of the shell material, d p is particle diameter and d mc is the diameter of the PCM core.
2.3 Experimental Setup. Figure 5 illustrates the flow loop used to conduct the experiments. A controllable air compressor supplies air-nanoparticle suspension to the nozzle. Temperature increase due to compression was very small (<0.3 C). A Venturi flow meter measures the volumetric flow rate. A vertically oriented nozzle is located directly above the test heater surface. The distance between the nozzle exit and the test surface can be adjusted between 20-40 mm using a fine-threaded post arrangement. The nozzle-heater assembly is located in a chamber which also acts as the reservoir for airborne suspension. The chamber is kept at a constant temperature using a combination of a rubber coated belt heater and proper thermal insulation.
The temperature of the air/nano-PCM suspension at the inlet of the nozzle and the outlet of the heat exchanger is controlled by a preheater and a cooling water valve, respectively. The nozzle inlet temperature is maintained at a predetermined level with an auxiliary heater. The air/nano-PCM suspension is then allowed to enter the nozzle where it flows through a converging section before it enters the chamber. Solidification of the nano-PCM particles was assured by cooling the air/nano-PCM suspension with 5 C chilled water in a heat exchanger. The temperature of the air/nano-PCM suspension at the exit of the heat exchanged is maintained at 10 C. Figure 6 illustrates the details of test chamber. The chamber has an acrylic cylinder, 300 mm tall and 200 mm in diameter, and a top and bottom Table 1 Thermophysical properties of air/nano-PCM suspension and its components a Bulk physical properties of air nanoparticles suspension are calculated from those of "Nanoparticles (solid)". aluminum covers. The whole system volume (including chamber and piping) is calculated from the measured dimensions. The mass of the nano-PCM particles is accurately weighed to assure the particle volume fraction is at the desired level of between 0.25-2.5%. The pressure inside the chamber was maintained at atmospheric pressure.
Heaters and Test Surfaces.
Heat was applied to a 3-cm-diameter, 2-mm-thick copper plate through a 3 cm Â 1 cm (diameter Â height) aluminum block with a cartridge heater inside. The copper plate was bonded to the aluminum block with a high thermal conductivity silver epoxy. The copper plate is cooled by the jet of air/nano-PCM suspension. The cartridge heater was controlled by a HP 6030 A DC power supply to provide the power accurately. Heat was calculated directly from the power provided to the heater after subtracting the heat loss which is measured when the system is at the same temperature with no air flow.
Four type-T (copper-constantan) thermocouples were embedded in the copper plate at a depth of 1 mm below the surface, and they are symmetrically located at a distance of 7.5 mm from the center. The temperature readings from the four thermocouples resulted in a difference less than 0.5 C which confirms the temperature uniformity of the heating surface. The surface temperature on the copper plate was estimated using Fourier's law. The test chamber was insulated with a 25-mm-thick fiber glass blanket. A 4-cm-thick Bakelite layer, with a thermal conductivity of about 0.9 W/m Á K, was placed underneath the heater to provide insulation. The power to the heater was also controlled to be constant for each set of testing. The jet impingement nozzle used in this study was made by modifying a TG-type full cone nozzle from Spraying Systems Company with the swirl removed and the orifice diameter enlarged to 2 mm.
Test
Conditions and Procedure. The heater surface was polished and made as smooth as possible (<0.5 micron). Prior to each experiment, the test surface was cleaned with acetone to remove any contamination. The nozzle-to-surface distance was fixed at a predetermined height, set between 20-40 mm, and the experiments were performed at atmospheric pressure. The influence of air-laden nano-PCM flow on the pressure drop is determined by studying the difference between the nozzle inlet pressure and chamber pressure. The volumetric flow rate was monitored with a Venturi tube after a calibration procedure [4] . The heat flux was varied by controlling input power to the cartridge heater. Once the steady-state flow and temperature conditions were attained, the temperature of the heater, and inlet and outlet temperatures of the working fluid were recorded. The heat transfer coefficient was obtained by the following relationship [12] : h ¼ Q=F base T w À T f ;inlet À Á . The circulation of the air/nano-PCM suspension was provided by the air compressor which also kept the nano-PCM particles uniformly dispersed throughout the test chamber and flow loop. Elaborate temperature controls were Transactions of the ASME employed to obtain the desired inlet temperature to the nozzle and to ensure the PCM is in solid state. This was achieved with the preheater and chilled-water-cooled heat exchanger as shown in Fig. 5 .
2.6 Uncertainty Analysis. All experiments have errors which occur inevitably during measurements. The temperature measurement precision was within 60.1 C and the thermocouples were located at the desired positions to within 60.05 mm. A Keithley 2700 data acquisition system was used with a digital voltmeter having a sensitivity of 61 lV, a six-figure scale and an accuracy of 0.01% of the reading. The error for pressure difference was estimated to be 1% of the measured value. The uncertainty of the flow rate measured by the Venturi tube was estimated to be within 63%. The maximum estimated errors at the lowest air speed case (the worst case) in the flow speed v and the heat transfer coefficient h are 3.7% and 6.9%, respectively.
Depending on the temperature of the heater, a heat loss about 5% of the electrical-power input was estimated. The heat flux at the surface of the copper plate was obtained from the measured electrical-power after accounting for the heat loss. These errors may be analyzed with the calculation of the root mean square of errors (RMSE) defined as:
where N is the sample size, Q is the measured input electrical power, and Q a is the heat absorbed by the air-laden particle slurry. We recorded the RMSE values for different heat input and heat absorption levels. We repeated our experiment five times (N ¼ 5) and during these measurements the RMSE was found to be 64.9%, representing a reasonable degree of accuracy.
3 Results and Discussion 3.1 Pressure Drop. The total pressure drop between the inlet and exit of the test chamber is plotted as a function of flow speed in Fig. 7(a) . The flow speed is defined as the volume flow rate divided by the orifice of the jet nozzle. The flow speed was varied between 4.6-15.2 m/s which corresponds to a volumetric flow rate of 14.5-47.8 cm 3 /s. Figure 7 (b) shows the pressure drop of air-laden nanoparticles normalized based on the pressure drop of pure air. The pressure drop of air with 0.25% particle volume fraction compared to that of pure air is about three times higher. In the case of air with 2.5% particle volume fraction, the pressure drop increases by 25 times.
As shown in Table 1 and Fig. 4 , the viscosity increase for air/ nano-PCM suspension with 2.5% particle volume fraction over pure air is about 13%. However, the density increase for the same suspension over pure air is 18.2 times. Therefore, the resulting large pressure drop in the present study can be mainly attributed to the density increase. We note the pressure drop is almost proportional to the density of working fluid. The pressure drop measurements were all made at a temperature of 12 C at the nozzle inlet which was below the melting temperature of octadecane. When data are compared between pure air and air-laden nanoparticles, described in terms of particle volume fractions ranging from / ¼ 0.25% to 2.5% at the same flow speed, the pressure drop increases with the particle volume fraction increase. Fig. 8(a) for H ¼ 20 mm, the Martin correlation (including the extrapolated portion to Re d $ 800) agrees very well with the present experimental data with the maximum experimental uncertainty of 65% occurred at 8 m/s. Heat transfer coefficient is also compared to Martin correlation when the inlet temperature is 12 C for particle volume fraction of 1% and 2.5% concentration without phase change (Fig. 8(b) ). Experimental results for nano-PCM particle volume fraction of 1.0% and 2.5% indicated a large deviation from the Martin correlation. Therefore, using Martin correlation and treating air-laden nanoparticle flow as homogenous flow may not be appropriate. Lower heat transfer coefficients estimated by the Martin correlation may also be due to the limitation of the constants used in the correlation. While the correlation assumes Prandtl numbers <1.7, we have large Prandtl numbers of 6.8 and 16.8, for the air-laden with 1% and 2.5% concentration, respectively. Figure 9 shows the heat transfer coefficient as a function of flow speed at different H ¼ 20, 30 and 40 mm at a particle volume fraction of 1.0%. The inlet temperature was kept at 12 C. The heat fluxes were kept below 5 W/cm 2 to ensure the outlet temperature was lower than 21 C, so that no phase change within the nanoparticles took place. These data are used later as a baseline to compare heat transfer performance when phase change did occur. The data show that the lowest heat transfer performance occurred at H ¼ 40 mm, the highest standoff distance. Therefore, reducing the standoff distance of the nozzle relative to the heated surface helps to increase the heat transfer coefficient. Figure 10 compares the heat transfer coefficients of air/nano-PCM suspension jet impingement tests when the nanoparticle particle volume fraction varied from 0.25%-2.5% and inlet temperature set at 19 C. This inlet temperature was chosen so that all the paraffin inside the nanoparticles was melted upon leaving the heater surface. The results show that the heat transfer coefficient increases with increasing the particle volume fraction ranging from 0.25%-2.5%. Figure 11 shows the comparison of the heat transfer coefficients when the particle volume fraction is at 1% and 2.5% with the inlet temperature set at 12 C and 19 C. The heat transfer coefficient is plotted as a function of flow speed which varies from 4.6-15.2 m/s (with corresponding volumetric flow rate of 14.5-47.8 cm 3 /s). At an inlet temperature of 12 C, no phase change occurred but the heat transfer coefficient with a particle volume fraction of 2.5% is higher than that of 1%. This is because the flow with a higher particle volume fraction has a high density and specific heat (see Table 1 ). When the inlet temperature was kept at 19 C which is close to the melting range of the PCM, there is a very significant increase in the heat transfer coefficient. The comparison shows the melting of the paraffin inside the nanoparticles improves the heat transfer coefficient by 3-5 times at both particle volume fractions. Figure 12 (a) shows the heat transfer enhancement factors for nano-PCM particle volume fraction of 0.25%, 0.5%, 1%, and 2.5%. Figure 12(b) shows the combined heat transfer coefficient and pressure drop ratio for different nano-PCM particle volume fraction. Air with 2.5% particulate concentration improved heat transfer coefficient 46-70 times (or 58 times on average) when compared to that of pure air. Figure 12 (b) also shows side-by-side 9 Jet heat transfer coefficient versus flow speed at different jet standoff distance; H 5 20, 30 and 40 mm given a nano-PCM particle volume fraction of 1% and inlet temperature set at 12 C Fig. 10 Heat transfer coefficients for nano-PCM particle volume fraction of 0% (pure air), 0.25%, 0.5%, 1% and 2.5% when the inlet temperature is set at 19 C, H 5 20 mm the results for combined effects of heat transfer and pressure drop for 0.25%, 0.5%, 1.0%, and 2.5% particle volume fractions with the aim of determining the optimal overall performance. The data show that 0.5% is the optimal particulate loading since h/Dp ratio is the highest. As the particle volume fraction increases from 0.5%-2.5%, improved heat transfer coefficient is off-set by increasing pressure drop. The reported heat transfer coefficient results in Fig. 10 are the average values from five repeated experiments. We repeated the experiment for about 5000 cycles where one cycle represents both melting and solidification processes. The results demonstrated no measurable change in performance, and imply that the thermal cycling in the nanoparticles did not damage the polymer shell.
3.3 Discussion on Melting Time of Nanoparticles. The time required to melt a phase-change particle is the key to determine the heat absorption delay of PCM nanoparticles. This delay can affect the heat transfer performance of PCM particle. In order to take advantage of phase change particles in jet impingement configurations, a particle melting time should be shorter than its minimum residence time on heater surface. In other words, the size of the synthesized nanoparticles should be properly determined considering melting time limitation.
We note that Stokes number can be used to describe the particle flow process if the spatial dispersion of the nanoparticle to the air is uniform [7] . The Stokes number is defined as St ¼ s a =s f , s a ¼ d 2 p q p =18l and s f ¼ L=V max , L ¼ 15 mm which is the radius of the heater. From our experimental data, we know the associated Stokes numbers of the particles for the maximum speed V max ¼ 15 m/s was 10 À4 which is far below than 0.1. This means 100 nm particles are so small that they can flow along with the main stream and the suspension can be treated as a homogeneous single-phase fluid [7] .
When a solid nanoparticle is at its phase change temperature (T m ), the melting time depends on the particle size and temperature difference between the surface temperature of nanoparticle and the melting temperature of nanoparticle material. Neglecting sensible heat, the heat absorbed at the interface must be conducted from the surface through the liquid to the solid, and using thermal balance, we can get
Þ h sl , where T s and T m are the surface temperature and the melting point of the nanoparticle, respectively, r is the unmelted solid part of nanoparticle's radius, h sl is the latent heat of fusion of nanoparticle, k l is the thermal conductivity of liquid wax, and q wax is the density of wax. This equation can be integrated to obtain an expression for melting time s as r ¼ 0,
In case of an encapsulated nanoparticle, since shell has a low thermal conductivity (0.21 W/mK), the above equation is modified to consider the thermal resistance of the polymer shell:
where the thermal resistances:
Integrating Eq. (4) and let r ! 0 results in:
where k wax and k sh are 0.34 and 0.21 W/m.K, respectively; r p and r sh are 50 and 41 nm, respectively; h sl is 220.3 kJ/kg. Equation (5) can be used to compare the melting times for encapsulated particles. Figure 13 compares the required melting times versus the temperature difference between particle surface and melting point (T s ÀT m ) and we can see that for the same (T s ÀT m ), the Fig. 12 (a) Heat transfer enhancement factors for nano-PCM particle volume fraction of 0.25%, 0.5%, 1% and 2.5%. (b) Heat transfer coefficient pressure drop ratio for nano-PCM particle volume fraction of 0.25%, 0.5%, 1% and 2.5%, H 5 20 mm. Fig. 11 Heat transfer coefficient comparison for nano-PCM particle volume fraction of 1% and 2.5% when the inlet temperature is set at 12 C (without phase change) and 19 C (with phase change), H 5 20 mm smaller the particle size is, the faster the melting would occur. In our experiments, the smallest measured temperature difference between the heater and the outlet air temperature is about 2 K. To estimate the melting time, even if we conservatively assume the temperature difference between the particle surface and PCM core, T s ÀT m , to be a small percentage of this 2 K, say 0.1 K, the melting time (s) for a 100 nm particle is only 2.5 ls. The minimum residence time of fluid in contact with the heater is 1 ms for a flow speed of 15 m/s and flow path of 15 mm (the distance on the heater surface from center to the outer edge). The residence time of 1 ms is a long enough duration for a 2 lm particle to be melted. This indicates that if the particles are larger than 2 lm, they may not fully melt due to the longer time delay. In the current experiment, 100 nm particles need only 2.5 ls melting time, ensuring fully melting condition.
Conclusion
The results presented in this paper demonstrate heat transfer enhancement properties of nano-PCM airborne suspension. Polymer encapsulated paraffin (wax) nanoparticles, which are 100 nm in size, are prepared using colloid method by trapping paraffin wax into the polymer shell. The shells prevent leakage and agglomeration of wax in the low temperature applications. The two highlights obtained in present experimental study can be summarized as follows:
• Particulate loading of 2.5% improved averaged heat transfer coefficient 58 times (from 70 times at flow speed of 4.6 m/s to 46 times at flow speed of 15.2 m/s) compared to that of a pure air jet impingement flow.
• For the presented experimental conditions, the optimum performance enhancement was achieved by 0.5% particle volume fraction particulate loading in air as determined by h/Dp ratio that accounts for better heat transfer coefficients and worse pressure drop.
Many repeated tests were performed in the closed loop cyclic system to demonstrate the structural integrity of encapsulation. Nanoparticles volume fraction have a strong effect on the pressure drop and heat transfer performance. Physical mechanisms underlying the observed phenomena are briefly explained. Nano-PCM airborne suspension provides a very effective heat transfer enhancement. 13 Required melting time versus the temperature difference between particle surface and melting point (T s 2T m ) for three PCM particle sizes
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